Introduction
============

Autism spectrum disorders (ASDs) are a heterogeneous group of neurodevelopmental disorders characterized by impaired social interaction, disrupted development of communication and language skills, and repetitive behaviors. Over an affected individual\'s lifetime, costs of care can reach about \$3.2 million, while the annual cost to society is an estimated \$35 billion.^[@ref1]^ Such burdensome costs combined with new high estimates in prevalence---the newest numbers place the developmental disorder at 1 in 88 children^[@ref2]^---call for a need to fully understand and to develop new treatments for autism. Treatment for ASD has shown uneven efficacy, and no treatment to date has demonstrated the ability to alleviate the core social deficits. While the high-functioning spectrum of ASD has shown promising and hopeful response to behavioral treatments, a sizable cohort, predominantly lower-functioning and/or with comorbid intellectual disability, has not demonstrated significant treatment gains.^[@ref3]^ For this latter group of patients, the need to develop new treatment paradigms is critical.

Understanding the neurodevelopment mechanisms gone awry may provide crucial insights into the underlying pathobiology of autism and identify novel, effective treatment methods. An essential step is to determine what aspects of brain development and function are impaired in autism. Forward genetics, a process that identifies putative genes or gene networks, allows researchers to identify mutations, sometimes specific molecules, and perhaps converging mechanisms involved in autism.^[@ref4]^ One important question researchers should attempt to answer is: Can mutation discoveries lead us to specific step(s) that are perturbed during neurodevelopment? By answering this question, researchers may be able to identify distinct neurodevelopmental processes responsible for autistic subtypes that may allow for targeted treatments of autistic symptoms. In this review, we will argue that genetic studies in particular have helped us pinpoint a small number of neurodevelopmental steps that are generally involved in autism to those of the late steps of neurodevelopment, that are primarily involved in the development of neurocircuitry, namely axon and dendrite growth and arborization, and also experience-dependent synapse modification.

Human brain development and structural brain differences in autism
==================================================================

In contrast to the \>22 000 genes in the human genome and steep number of molecular mechanisms within a functioning and differentiating cell, the number of steps involved in human brain development are relatively few and finite. Eleven processes are conceptualized in *[Figure 1.](#DialoguesClinNeurosci-14-239-g001){ref-type="fig"}* Essentially, we can divide these developmental stages of brain development into two categories: fetal and postnatal. Fetal brain development is largely experience-independent and begins with neural tube formation and patterning, and neurogenesis whereby neural progenitor cells proliferate and give rise to neurons of the brain. These newborn neurons then must undergo migration from the fetal neurogenic niche (the ventricular zones or subcortical structures for γ-aminobutyric acid (GABA)-ergic cells) to their final position in the brain. Subsequently, the process of neuronal morphogenesis involves the formation of cellular polarization that leads to the development of axonal growth cones which begin traversing the brain, forming its complex circuitry. This period of development is marked by profound axon and dendrite branching and arborization that eventually determines the axons and dendrites of any given neuron.^[@ref5],[@ref6]^

![Timeline of human brain development. This figure represents a schematized conceptualization of the steps during human brain development. Time in weeks post-conception and then postnatal years are shown along the horizontal axis. Birth and puberty and age at which cerebral cortex begins to thin are shown. The onset, peak, and end of different stages of neurodevelopment are depicted in color-coded fashion as shown in the associated table. "Days" in the figure refer to embryonic days. "Years" refer to postnatal years. The timing of the human stages is approximately based on refs 6, 117, 118, 119.](DialoguesClinNeurosci-14-239-g001){#DialoguesClinNeurosci-14-239-g001}

These aforementioned neurodevelopmental events are typically considered experience-independent processes. In other words, intrinsic genetic factors regulate each mechanism independent of sensory experience of the external world. Interestingly, there are many monogenic diseases that appear to affect one or various given stages above. For example, disorders that cause small brain size at birth, called primary microcephaly, result from a large number of single gene mutations that appear to affect neurogenesis.^[@ref7]^ Similarly, other monogenic disorders may result in abnormal patterning such as sonic hedgehog mutations or other mutations that may cause holoprosencephaly (failure of the forebrain to develop into two hemispheres).^[@ref8]^ Finally, there are a number of disorders of cortical migration that lead to abnormal layering of the brain or abnormal gyrus and sulcus formation.^[@ref9]^ Although there are exceptions, the above disorders have not been typically associated with autism symptoms; however, instead highly related conditions such as intellectual disability and epilepsy are more frequently described, along with the associated structural brain malformation. Interestingly, with respect to axon outgrowth, there are a number of monogenic disorders that may involve abnormalities of axon growth and/or targeting that have been associated with autistic symptoms. Joubert syndrome, for example, is a genetically heterogeneous condition that displays abnormalities in axon outgrowth and has been associated with autism symptoms.^[@ref10]^ Similarly, one neurodevelopmental abnormality in tuberous sclerosis (TSC) is also abnormal axon growth, and TSC is also recurrently although inconsistently associated with autism.^[@ref11]^ Joubert syndrome is generally associated with structural brain malformations. TSC is most frequently associated with a variety of morphologic abnormalities including tubers, but also with abnormalities of the corpus callosum. Growth of the corpus callosum has frequently been cited as an indicator of problems in the axon growth step of neurodevelopment. Indeed, isolated agenesis, hypogenesis, or dysgenesis of the corpus callosum have been associated with an increase in autism symptoms.^[@ref12],[@ref13]^

In addition to the experience-independent neurodevelopmental processes, concomitant with the determination of axons and dendrites, neurons begin the process of forming connections via synaptogenesis commencing a series of experience-dependent developmental mechanisms. The process of synapse formation in the developing brain involves the production of a wide excess of synapses and a subsequent pruning back, perhaps strengthening of some and loss of others.^[@ref14],[@ref15]^ In this case, neuronal activity thought to be mediating the processes of experience may result in chromatin modifications that lead to long-lasting effects on gene expression, brain development, and circuit architecture. This mechanism is most important for postnatal synaptic plasticity and during the synaptic pruning that begins at birth and becomes most widespread, continuing into adolescence.

There are also a limited number of monogenic disorders that appear to be associated with synaptic plasticity and autism. In particular, Fragile X syndrome (FXS) which is associated with a trinucleotide repeat expansion and loss-of-function mutation, is frequently associated with autism.^[@ref16]^ Interestingly, in some reports FXS is associated with an increase in cerebral volume.^[@ref17]^ Macrocephaly, increases in cerebral volume (generally greater than 2 standard deviations above the mean for age, ethnicity, and gender), has a longstanding association with autism.^[@ref18]^ Estimates suggest that approximately 30% of children with autism have macrocephaly.^[@ref19]^ However, there also appear to be a subset of children with autism who have microcephaly. Mutations in the gene *PHOSPHATASE AND TENSIN HOMOLOG (PTEN)* have been notably associated with autism and large head size,^[@ref20]^ while Rett syndrome (RTT) (due to mutations in *MeCP2* gene) is also frequently associated with autistic symptoms and also generally with microcephaly. What are the underlying neurodevelopmental mechanisms that cause brain overgrowth or undergrowth? Of course, the timing of the emergence of this structural brain defect will greatly lead hypotheses regarding this question. For macrocephaly in idiopathic autism, there are proposals that the brain is generally normocephalic at birth and demonstrates a postnatal brain overgrowth. Assuming that relative timing of the different steps of human brain development are preserved *(Figure 1)*, then this timing would rule out mechanisms such as neurogenesis, and would include an overabundance of dendrites and axons, and/or a failure to prune. Morphologic examination in mouse models have shown an excess of neuronal arborization in the *Pten*-mutant mouse^[@ref21]^ and a impoverishment of neuronal arbors in the *Mecp2*-null mouse.^[@ref22]^

Genomic programs underlying experience-dependent synapse plasticity utilize hundreds of genes
---------------------------------------------------------------------------------------------

An experimental proxy for studying the processes of synaptic plasticity involves studying the gene networks that are regulated by neuronal activity or more specifically, neuronal membrane depolarization in cell culture systems. Genome -wide studies of the regulation of gene expression by neuronal activity have suggested that a large percentage of the genes in the genome may be regulated by neuronal activity and thereby, may play some role in synaptic plasticity. Is it conceivable that a large number of these genes may be mutated or play a role in autism? Gene variants at a significant number of these loci may contribute to autism in a complex genetic fashion. Regarding the vast genetic heterogeneity that may be at play in autism, it is worth considering the genetic architecture of intellectual disability (ID). Of course, ID may be related to autism in many cases, as approximately 38% of children with autism also have co-occurring ID.^[@ref2]^ ID is caused by a large variety of mutations, including chromosomal as well as many monogenic mutations such as X-linked loci. Indeed, greater that 10% of the genes on the X chromosome may be associated with ID.^[@ref23]^ By the lessons of ID, there are genetic mutations that would perturb just about all steps of neurodevelopment *(Figure 1)*: however, if we restrict the clinical scope to "non-syndromic" intellectual disability (ie, cognitive effects without structural brain or medical effects), the mechanisms may be more refined to synaptic structure and in particular dendritic spine abnormalities.^[@ref24]^ Here, we also contend that those steps of neurodevelopment that are involved in autism are similarly constrained, and we will argue here that they are constrained to those steps that affect the formation of neuronal circuitry, ie axon and dendrite growth and arborization, and experience-dependent synaptic modification.

Heterogeneous gene mutations in autism
======================================

Genetic studies in ASD have made substantial progress in the last decade. Numerous, individual mutations, largely corresponding to rare genetic variants, have been discovered.^[@ref4],[@ref25]^ These studies have elucidated a variety of genetic loci and pathways regarding the genetic architecture of autism. No single locus in question appears to be found in greater than 1%, and the majority of loci are recurrent at a much lower rate, and some representative of private (single mutations). The nature of the rare mutations include gross chromosomal anomalies, copy number variants, single nucleotide variants, particularly de novo variants.^[@ref26]-[@ref30]^

These mutations have pinpointed a heterogeneous group of genes and loci that may contribute to the pathobiology of autism. These mutations appear to affect a range of mechanisms *(Table I)* including those that regulate: (i) gene expression; (ii) pre-mRNA splicing; (iii) protein localization, translation, and turnover; (iv) synaptic transmission, such as synaptic vesicle release and membrane excitability; (v) cell signaling; (vi) cytosketal and scaffolding proteins particularly at the postsynaptic membrane; and (vii) neuronal cell adhesions molecules. With each discovery of a new mutation, researchers are forced to ask: What stage of neurodevelopment is perturbed by this genetic mutation? Answering this question is essential to understanding the genetic contributions of autism. The purpose of this review is to critically address this question for the putative molecular mechanisms in autism that are outlined below. One major benefit to this approach is, while there are dozens of potential cellular mechanisms and hundreds of genes, the function of the mutation must converge on a given step of neurodevelopment of which there may be a more limited number of steps *(Figure 1)* and may be the ultimate target of treatment.

###### Molecular mechanisms and genes implicated in autism map onto a limited number of steps in neurodevelopment. \*We refer readers to https://gene.sfari.org/autdb/Welcome.do for references regarding each gene mutation.

  **Molecular mechanisms implicated by mutation**   **Gene/mutation\***                                                                    **Neurodevelopmental step (from *Figure 1*)**
  ------------------------------------------------- -------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------
  Regulation of gene expression                     *Multiple highly recurrent, large CNVs, MeCP2, MBD5, CHD3, CHD7, CHD8, EHMT1, FOXP2*   Neuronal morphogenesis; Axon and dendrite growth and branching. Experience-dependent synapse modification; Synaptic plasticity
  Pre-mRNA splicing                                 *A2BP1/FOX1*                                                                           Many
  Protein localization, translation, turnover       *FMR1, CYFIP1, NHE6I9, UBE3A*                                                          Neuronal morphogenesis; Axon and dendrite growth and branching; Experience-dependent synapse modification; Synaptic plasticity
  Synaptic transmission                             *CACNA1C, CACNA1H, RIMS3, SYN1, GRIK2*                                                 Experience-dependent synapse modification; Synaptic plasticity
  Cell signaling                                    *TSC1/2, PTEN, MAPK3, MET, PTCHD1, RELN*                                               Neuronal morphogenesis; Axon and dendrite growth and branching. Experience-dependent synapse modification; Synaptic plasticity
  Synaptic scaffolding and cytoskeletal proteins    *AHI1, SHANK2/3*                                                                       Experience-dependent synapse modification. Synaptic plasticity
  Neuronal cell adhesion                            *CNTNAP2, NLGN3, NLGN4X, IL1RAPL1, NRXN1, CNTN4*                                       Neuronal morphogenesis, Axon and dendrite growth and branching; Experience-dependent synapse modification; Synaptic plasticity

Gene expression and chromatin regulation
----------------------------------------

Increasing evidence suggests disruption of gene expression programs and/or expression of multiple genes at once can lead to cognitive disorders. We can make sense of how alterations in global gene expression may disrupt cognitive processes, as many facets of synapse maturation and function require the fine-tuned regulation of multiple genes. Perhaps most relevant to cognition, neural plasticity exercises activity-dependent modulation of gene expression and depends on the process of chromatin remodeling and coordinate gene transcription involving a large number of genes.^[@ref31]-[@ref33]^ A recent transcriptome analysis of post-mortem autistic brain tissue suggests a probable link between global dysregulation of transcription and autism.^[@ref34]^ Utilizing microarrays, the authors identified a little over four hundred genes showing differential expression between autistic and control cortex samples. Key developmental events like dendrite formation and synaptic pruning appear to require molecules involved in chromatin remodeling.^[@ref35],[@ref36]^ Indeed, converging lines of genetic evidence suggest a role for such chromatin modification machinery in the pathogenesis of autism.

Perhaps the strongest insight into this mechanism comes from over a decade of research of the *MECP2* gene, mutations of which lead to the development of RTT, which shares similarities to autism. *MECP2* encodes methyl-CpG binding protein 2 (MeCP2) whose molecular function was originally believed to be a direct repressor of gene expression.^[@ref37]^ However, recent knockout and transgenic experiments reveal MeCP2 mediates both transcriptional activation as well as repression.^[@ref38]^ This most likely is a result of MeCP2 function on chromatin remodeling. For example, upon loss of MeCP2, histone H3 acetylation elevates globally and the levels of histone H1 double.^[@ref39]^ With regards to the protein\'s effect on cognition, neuronal activity leads to phosphorylation of MeCP2, and in vivo prevention of this phosphorylation results in neuronal and behavioral deficits characteristic of a loss in experience -dependent chromatin remodeling during nervous system development:^[@ref40]^ This link between MeCP2 and autism hints at a possible role for other methyl-CpG binding proteins in the pathogenesis of the disorder, and in fact, a study of 226 autistic individuals by Cukier et al identified 46 variants spread across four such proteins (MBD1-4).^[@ref41]^ In addition, a recent analysis of 2q23.1 microdeletion syndrome, which also shares similarities to autism, pinpointed *MBD5* as the causative locus.^[@ref42]^ Further association of *MBD5* with autism has been shown via sequencing of autistic individuals with chromosomal abnormalities.^[@ref43]^ Interestingly, three recent independent sequencing studies implicated another gene involved in chromatin remodeling: *chromodomain-helicase-DNA-binding protein 8 (CHD8)*.^[@ref27],[@ref28],[@ref43]^ One study also identified de novo events in *CHD3* and *CHD7*.[@ref28] Individuals with mutations in *CHD7* develop CHARGE syndrome, 68% of whom exhibit an autistic-like phenotype.[@ref44] Furthermore, the histone methyltransferase *EHMT1,* which is responsible for another syndromic form of autism called Kleefstra\'s syndrome,^[@ref45]^ was identified in two of these studies.^[@ref28],[@ref43]^ Another recent exome sequencing study of 343 simplex families identified 13 candidate genes involved in either transcription regulation or chromatin remodeling.^[@ref30]^ As a whole, these findings suggest that autism may arise as a result of impaired regulation of the chromatin state. Such dysregulation may result in improper synaptic wiring of brain circuitry and/or prevent the proper neuronal response from external stimuli necessary for the development of social cognition. Further analyses into the relationship between neuronal activity and chromatin remodeling are necessary to garner clues for how the two may orchestrate circuit formation.

Large recurrent copy number variants (CNVs) have been associated with autism.^[@ref46]^ Careful consideration of the molecular effects of such a genetic locus is warranted. On first consideration, it is likely that the majority of such loci alter the dosage or gene expression level of a number of contiguous genes. Is one gene involved in these loci or is it a combination of genes? For the majority of CNVs, it seems most likely that the latter model will prevail, that CNVs lead to a complex interaction of the effects of perturbed gene expression from multiple contiguous genes. In some ways, the loss of a gene that modulates gene expression such a chromatin modifying gene may have similar effects, ie perturbation of dosage of a collection of genes.

Pre-mRNA splicing
-----------------

Disruption of *A2BP1/FOX1,* a gene involved in mediating RNA splicing, has been noted in two autistic individuals.^[@ref47]-[@ref48]^ This is especially intriguing in that another category of genes implicated in autism---cell adhesion molecules (CAMs)---exhibit numerous alternatively spliced transcripts that appear crucial for cell-cell recognition.^[@ref49]^ The aforementioned transcriptome analysis not only revealed *A2BP1* to be downregulated in comparison to control tissue but also determined many of the protein\'s targets were genes involved in synaptic function.^[@ref34]^ In line with the CNV data, this suggests that the disorder may come about not from the perturbation of a single gene whose function is localized to the synapse but rather a disruption of several components of the synaptic machinery. This is a multigenic model again, even though the primary genetic effect may have a single major effect locus.

Thus, with regard to the molecular mechanism of global regulation of gene expression, multiple studies demonstrate that neurodevelopmental processes are sensitive to the dosage of a wide variety of genes, likely contributing to autism. Such processes most likely include experience-dependent modulation of neural networks via synaptogenesis and synaptic plasticity because such events appear to rely on a large and dynamic array of genes rather than some other genetically preprogrammed response that may be more confined in gene usage and thereby show more Mendelian inheritance. This also may explain why more overt signs of autism do not manifest until a later "critical period" of cognitive development and perhaps why there is a period of normal development in RTT patients followed by a regression in development. Such a regression may reflect an inability of neurons and neuronal circuits to properly adapt to environmental stimuli.

Protein localization, translation, and turnover
-----------------------------------------------

The synapse plays host to a number of critical events for proper neuronal function including neurotransmitter release, synaptic vesicle recycling, and postsynaptic receptor activation and recycling. Such a dynamic environment poses a challenge for the cellular machinery responsible for protein synthesis and degradation because numerous molecules must work together in a precise manner to mediate these events and produce downstream effects like activity-dependent synaptic plasticity. Thus, it is conceivable that disruptions of any single one of these components could have a deleterious effect at the synapse. Alternatively, we can imagine a molecular mechanism whereby multiple features of the synaptic machinery are altered via the perturbation of an upstream regulator of these features, such as local protein regulation. Current genetic data seems to suggest both mechanisms contribute to the pathogenesis, however, they converge on neurodevelopmental processes dependent on the synapse. For example, mutations contributing to syndromic forms of autism have been discovered in *fragile X mental retardation 1 (FMR1)* and cytoplasmic *FMR1-interacting protein 1 (CYFIP1),* which are genes encoding for negative translational regulators.^[@ref50]^ Loss of function of such genes consequently enhances local protein translation altering synaptic plasticity. In fact, local translational regulation was first revealed as a central mechanism in proper neurodevelopment by studies of FXS, a disorder caused by hypermethylation of *FMR1* and subsequent loss of fragile X mental retardation protein (FMRP) expression. FMRP represses translation at the synapse by stalling ribosomes on target mRNA transcripts^[@ref51]^ and is critical for mGluR-mediated long-term depression.^[@ref52]^ *Fmr1* knockout mice confirm the global upregulation of transcripts. In FXS, synaptic transcript products upregulate through FMRP\'s failure to recruit CYFIP1, a cytoplasmic FMRl-interacting protein that is also a eukaryotic translation initiation factor 4E (eIF4E) binding protein. Interestingly, loss of FMRP in both mice and humans results in abnormal dendritic spine morphology, a characteristic of many intellectual disability-associated disorders.

Case studies of nonsyndromic forms of autism have identified de novo variants in genes involved in translational control. Of note, *eIF4E* is downstream of several of these signaling pathways, and mutations directly in *eIF4E* have been discovered in three autistic individuals.^[@ref53]^ This study found de novo gene disruptions in 14 autism candidate genes and 13 CNVs that overlapped with FMRP target genes,^[@ref30]^ which supports the notion that FXS-associated autistic phenotypes may result from disrupted expression levels of *specific* gene products. It is hypothesized that disrupted protein translation may lead to abnormal neuronal morphology and, hence, abnormal synaptogenesis. This faulty brain connectivity may be responsible for the global impairment in learning and memory associated with disorders of intellectual disability like FXS. However, comorbid autism in these disorders could reflect a disruption of the same developmental mechanism but perhaps of more specialized circuits or synapses responsible for social learning.

Many candidate genes for ASD pathology map onto the endosomal pathway.^[@ref54]^ A family of protein exchangers localized on endosomes have recently been studied in syndromic autism. Christiansen syndrome, which presents like Angelman syndrome, has been associated with the functional loss of the endosomal *Na+/H+ exchanger NHE6* (also known as *SLC9A6).^[@ref55],[@ref56]^* Many cases of nonsyndromic autism have been linked to deficits in cellular trafficking of proteins^[@ref57]^; an autistic individual with a chromosomal inversion that disrupts *receptor expression-enhancing protein 3 (REEP3),* a putative regulator of vesicle trafficking between the ER and Golgi network^[@ref58]^; two individuals with mutations in the small GTPase *RAB39B* and an individual with a haploinsufficiency of the small GTPase *RAB39B*^[@ref59]^; a translocation that disrupts the *NEUROBEACHIN (NBEA)* gene.^[@ref58]^ This evidence suggests mostly GTPases and their regulators of the recycling endosomes at the presynapse are affecting the transport of specific cargo. A recent study reported that collapse of the recycling endosome results in a decrease in spine density in an activity-dependent manner.^[@ref61]^

We can predict how mutations in genes involved in protein trafficking can directly affect neurite morphogenesis and synaptogenesis. Cellular trafficking of proteins is also indirectly critical for membrane dynamics underlying mechanisms of synaptic plasticity and neurotransmission. For example, the polarized expression of *contactin-associated protein 2 (CAPSR2),* a cell adhesion molecule in the neurexin family, relies on compartment-specific endocytosis.^[@ref62]^ A study by Bel et al showed how inhibition of endocytosis leaves *CAPSR2* inserted in the somatodendritic compartment. Multiple studies found individuals with autism and/or related disorders with mutations in the *CAPSR2* locus of *CNTNAP2.*^[@ref62]-[@ref64]^

Recent studies have implicated vesicular trafficking of brain-derived neurotrophic factor (BDNF) via secretory vesicles with reduced dendritic complexity, as well as significant differences in dendritic spine numbers and morphological spine types.^[@ref65]^ Whether BDNF mediates activity-dependent dendritic spine plasticity during learning and memory in vivo is unclear, but it remains a strong candidate as a factor to structurally prepare excitatory synapses for consolidation of hippocampal-dependent learning that provides evidence for a morphological basis for the synaptic deficiencies thought to underlie autism.

Various components of the multicomplex ubiquitin-proteasome system (UPS) are necessary for proper development of the brain, axon outgrowth and guidance, synapse development and plasticity.^[@ref61]^ Tight regulation of protein degradation is critical in neurodeveiopment and neurodegeneration. Glessner and colleagues reported evidence of CNVs associated with the ubiquitin pathway as a source of ASD susceptibility.^[@ref66]^ Glessner et al found that four genes *(ubiquitin-protein ligase E3A \[UBE3A\], parkinson protein 2 \[PARK2\], ring finger and WD repeat domain 2 \[RFWD2\], F-box protein 40 \[FBXO40\])* were significantly enriched for CNVs only in autism, in addition to cell-adhesion molecules. Ubiquitination post-translationally modifies protein function and targets cytoplasmic polyubiquitinated proteins for 26S proteasome-mediated degradation.^[@ref67]^ Monoubiquitinated transmembrane proteins can be targeted for the lysosomal degradation or sorting for the endosomal pathway.^[@ref68]^ UBE3A, an E3 ubiquitin-protein ligase, has been extensively studied in relation to Angelman syndrome, a disorder caused by mutations or deletions of the maternal *UBE3A* allele and often presenting with autistic features.^[@ref69],[@ref70]^ Mutations of *PARK2,* another ubiquitin-protein ligase, have been associated with juvenile-onset Parkinson disease, RFWD2 and FBX04 are also ubiquitin-protein ligases without previously associated disease-causing mutations. Other ubiquitin protein E3 ligases and UBE2A (E2 ubiquitin-conjugating enzyme) have been implicated in syndromic intellectual disability.^[@ref71]^

Mouse models for Angelman syndrome exhibit abnormal connectivity and synaptic development.^[@ref70]^ UPS in the Reelin-signaling cascade is relevant for proper synaptic connectivity. Reelin is a large glycoprotein that coordinates the migration of different neuronal populations in the cortex of the mammalian central nervous system.^[@ref72]^ Reelin binds to the very-low-density lipoprotein receptor (VLDLR) and the ApoE receptor 2 on target neurons.^[@ref73]^ ApoER2-deficient mice have defects in LTP because of the inability to downregulate Dabi, a cytoplasmic adaptor protein that is targeted by the UPS after Reelin signaling.^[@ref74]^ UPS mediates the intricate balance between protein synthesis and degradation to help navigate axons from extrinsic guidance cues to their target destinations. Ubiquitin is required to clear Robo from the growth cone surface and reduce the repellent effect so the growth cone can be guided across the midline.^[@ref68]^ The UPS also prevents the re -crossing with Robo upregulation and mediates the attraction to the midline by the Netrin-DCC/Fra system.^[@ref75],[@ref76]^ Ubiquitination and de ubiquitination are also critical for the modification of synapse strength, which requires the insertion and removal of glutamate receptors.

Membrane excitability, synaptic vesicle maturation, and synaptic transmission
-----------------------------------------------------------------------------

Many "synaptic" genes responsible for steps in synaptic maturation and/or neurotransmission have been identified as candidates for ASD susceptibility, including both postsynaptic (NLGN3, NLGN4, SHANK2/3, IL1RAPL1) and presynaptic proteins *(NRXN1, CNTNAP2, RIMS3/NIM3).^[@ref77]^* These loci have been identified through rare yet generally recurrent clinical cases and have led to a prevailing hypothesis that autistic phenotypes are due to abnormal synaptic function and/or neural connectivity in the time window in which neuronal circuits are extensively remodeled by experience.^[@ref78]^ Underlying this hypothesis of "synaptopathy" is the dysfunction of excitation and inhibition in neural circuits, potentially from aberrant synaptic vesicle release,^[@ref79]^ Abnormal synaptic vesicle release would predictably alter long-term potentiation and long-term depression needed for synaptic plasticity. Several lines of evidence converge to support the hypothesis that a subgroup of autistic phenotypes may be due to abnormal synaptic vesicle maturation and release.^[@ref78]^

One study identified a Q555X mutation in *synapsin 1 (SYN1),* an X-linked gene encoding for a neuron-specific phosphoprotein implicated in the regulation of neurotransmitter release and synaptogenesis, in French-Canadian individuals with comorbid ASD and epilepsy.^[@ref80]^ Animal models with this mutation show impaired synaptic vesicle density and availability for the readily releasable pool. *SYN3* functions in synaptogenesis and the modulation of neurotransmitter release.^[@ref81],[@ref82]^

Some evidence suggests that abnormal neurotransmitter release found in autistic patients may be cell-specific and functionally alter firing patterns. *Unc13a*-null mice demonstrate impairment of glutamatergic synaptic vesicle maturation.^[@ref83]^ One study found three independent patients with autism that have microdeletions at *NBEA* and *AMISYN,* negative regulators of low-dense core vesicle secretion affected. Acute slices from the brain stem of *Nbea* knockout animals showed both reduced spontaneous excitatory and inhibitory postsynaptic currents and increased failure rates of evoked inhibitory responses, consistent with the finding that *Nbea* affects stimulus-release coupling, vesicle fusion, postsynaptic signal amplitude, formation or maturation of synaptic contacts.^[@ref84]^ In addition, the frequency of miniature excitatory and both the frequency and amplitudes of miniature inhibitory postsynaptic currents were severely diminished in knockout mice, indicating a perturbation of both action potential-dependent and -independent transmitter release.

Cell signaling
--------------

Disruptions in components of signaling pathways could lead to very diffuse downstream events on two previously mentioned molecular mechanisms---transcription and translation---that effect a number of neuronal processes crucial for proper development of the nervous system. Several such genes have been identified, and of these, the tumor growth suppressors *TSC1, TSC2,* and *phosphatase and tensin homolog (PTEN)* are the most intensely investigated. Mutations in *TSC1* and *TSC2* cause TSC by impeding the recruitment of EIF4E downstream the mTOR pathway for cap-dependent initiation of translation.^[@ref85]^ With regard to the central nervous system, TSC is marked by the formation of cortical tubers---hamartomas within brain tissue---that result in a number of neurological manifestations including seizures, intellectual disability, and autism. Although these symptoms may arise due to disruptions of surrounding brain tissue by these cortical tubers, developing evidence suggests that *TSC1* and *TSC2* mutations could also have specific effects on neuron function. For example, disruptions of the TSC signaling pathway result in enlarged neurons, disrupted spine growth and morphology, and alteration of glutamatergic synapses.^[@ref86]^ The two genes also mediate axonal growth^[@ref87]^ and hippocampal mGluR-mediated long-term depression.^[@ref88]^ In addition, conditional knockout of *TSC1* in GABAergic neurons of mice resulted in impaired postnatal growth, decreased numbers of interneurons, impaired neuronal migration, and a lowered seizure potential, suggesting the neurological deficits in individuals with TSC could arise from disruptions of signaling pathways in specific neuronal subtypes.^[@ref89]^ Variants in *TSC1* and *TSC2* may be potential susceptibility factors for autism separate from TSC. Evidence for this comes from a recent study utilizing high-throughput sequencing on nonsyndromic autistic individuals to analyze genes involved in the mGluR signaling pathway. The authors identified a number of rare, potentially disruptive single nucleotide variants in *TSC1* and *TSC2* never before seen in individuals with TSC.^[@ref90]^

A subset of individuals with *PTEN* mutations have nonsyndromic autism without the presence of tumors. A recent study suggests these individuals have mutations that preserve PTEN function, whereas PTEN hamartoma tumor-related syndrome associated mutations cause a loss of function.^[@ref91]^ *PTEN* is involved in dephosphorylation of the second messenger PIP3 and subsequent activation of the PI3K/Akt/mTOR signaling pathways. Like with *TSC1/TSC2,* mutations in *PTEN* could have a direct effect on neuronal function or neurodevelopment separate from indirect effects by tumor formation that results in autism pathogenesis. Conditional knockout of *PTEN* in adult progenitor cells of the subgranular zone of the hippocampus results in a depletion of the stem cell pool and development of hypertrophied neurons with abnormal polarity.^[@ref92]^ Furthermore, conditional deletions of *PTEN* to discrete neuronal subpopulations in mice result in abnormal dendrite and axonal growth.^[@ref93]^

There is also genetic evidence for impaired signaling beyond the mTOR pathway. For example, CNVs on chromosome 16 that disrupt the *MAPK3* gene encoding extracellular signal-related kinase 1 (ERK1) are associated with autism^[@ref94],[@ref95]^ and pinpoint disruptions of Ras/Raf/ERK1/2 signaling as a possible contributor to autism.^[@ref96]^ Upregulation of this pathway results in impaired neuronal cell migration, neurogenesis, synapse formation, and dendritic spine development.^[@ref97]^ Also, two of the recent sequencing studies already discussed implicate *dual-specificity tyrosine- (Y) -phosphorylation regulated kinase 1 A (DYRK1A),*^[@ref28],[@ref30]^ a serine/threonine kinase involved in Down syndrome that regulates neuronal morphogenesis via cytoskeletal dynamics.^[@ref98]^ Taken together, combined in vitro and in vivo studies would suggest impairments in intracellular signaling could lead to alterations in neuronal morphology and synaptic connections. Therefore, the genetic evidence in this case highlights disruptions of activity-independent neurodevelopmental mechanisms as a contributing factor to autism, especially those of neurite outgrowth. Such deficits, in turn, could mimic the effects of epigenetic perturbations despite functioning activity-dependent processes since faulty neuronal wiring could produce an ineffective neuronal foundation for intepreting external stimuli.

Postsynaptic density and cytoskeletal mechanisms
------------------------------------------------

Scaffolding proteins provide multimeric protein-protein interaction domains that localize key synaptic proteins and signaling molecules to the postsynaptic terminals, enabling effective neurotransmission and synaptic plasticity necessary for normal cognitive development in the brain. From autism de novo CNV studies, some critical genes that have been identified such as *SHANK2*^[@ref99]^ and *SHANK3.*^[@ref100]^ Many of these genes are also implicated in other neurodevelopmental disorders with potentially overlapping mechanisms such as schizophrenia.^[@ref46]^ Disrupting the function of these scaffolding proteins directly impairs the synapse organization and stabilization, and neurite outgrowth. These cellular and physiological consequences were confirmed in knockdown animal models of *SHANK2,* which had smaller dendritic spines and reduced AMPA receptor currents.^[@ref99]^ Dendritic morphology is intimately correlated to synaptic transmission and processing, and *SHANK2* demonstrates how dysfunction of structural organization can lead to the physiological autistic phenotype of imbalanced excitatory and inhibitory currents. Current research is pursuing SHANK isoforms---one study suggests microdeletions on *SHANK1* may lead to a high functioning autistic phenotype.^[@ref101]^ Initially, *SHANK3* was disrupted by a de novo balanced translocation in a child with all the features of the 22q13.3 deletion syndrome and subsequent studies have confirmed *SHANK3* deletions may be limited to lower functioning autism.^[@ref102],[@ref103]^ The different autistic phenotypes from the various SHANK isoforms may be due to the temporal differences in recruitment into the postsynaptic density.^[@ref104]^ Recently discovered ASD candidate genes seem to center around scaffolding proteins and cell adhesion molecules, suggesting a point of convergence similar to the story unfolding for the PI3K-AKT-mTOR pathway.

Neuron cell adhesion molecules
------------------------------

Syndromic autism has been linked directly to mutations of genes modulating neuronal cell-adhesion molecules, which are involved in the formation, signaling, and plasticity of synaptic connections. Neuronal cell-adhesion molecules are necessary for axonal guidance and neuronal-glial interactions. Neuroligin superfamily members and numerous cell-adhesion molecules have been paths of convergence for many other complex neurodevelopmental disorders including intellectual disability and schizophrenia.^[@ref105]^ Various mutations in idiopathic autism were found: structural variations of *NRXN1,*^[@ref106]^ microdeletions in *CNTNAP2,*^[@ref107]^ R451C substitution in *NLGN3,*^[@ref108]^ ten mutations (2 frameshifts, 5 missense, 3 internal deletions) in *NLGN4X,^[@ref108]^* and de novo CNVs in other cadherins.^[@ref66]^ *NLGN3* and *NLGN4* mutant mice display an autistic phenotype, and exhibit abnormal inhibitory and excitatory synaptic transmission.^[@ref109]^ These studies also support the finding that neuroligins are critical for synaptic function and transmission, not necessarily for synapse formation.^[@ref110]^

However, the role of the neuroligin-neurexin mechanism in autism remains unclear. *NLGN3* and *NLGN4* mutations appear to be always penetrant in males, and even female carriers with these mutations often have a phenotype, but *SHANK3* point mutations are also found in the probands\' nonsymptomatic relatives.^[@ref100]^ Furthermore, these mutations can lead to different phenotypes. A child with a *NLGN4* microdeletion had severe autism, whereas his sibling developed Tourette syndrome.^[@ref111]^ For instance, a linkage study found a common polymorphism in *CNTNAP2,* another member of the presynaptic neurexin superfamily, is significantly associated with autism and a variant displays a parent-of-origin and gender pattern of inheritance,^[@ref112]^ Studying the presynaptic side of cell adhesion has been complicated, but neurexin-KO mice showed impaired neurotransmitter release and reduced NMDA-dependent synaptic responses.^[@ref113]^ Mutations in these genes may only raise the susceptibility and not always confer the disorder. These genomic studies allow us to see patterns and consider pathway interactions. For instance, ubiquitin is critical in the turnover of neuronal cell-adhesion molecules in regulating activity-dependent synaptic plasticity, which suggests another convergence point for pathways.^[@ref66]^

A brief comment on "epigenetic" mechanisms in autism
----------------------------------------------------

Epigenetics is the study of heritable phenotypes caused by mechanisms other than changes in genomic sequence and that are instead frequently due to modifications of chromatin, such as methylation of DNA or various covalent histone modifications. Some authors erroneously use the term "epigenetics" to refer to effects on gene expression mediated by modification of chromatin, ie, they leave out the critical aspect requiring inheritance of these changes and the associated phenotype, or sometimes the term is used to invoke changes in chromatin mediated by environmental experience again leaving out the requirement for inheritance.^[@ref114]^ With regard to the topic of the genetics of autism, some recent studies have suggested that in some cases autism may arise due to alterations in chromatin modifications and subsequent gene expression programs, instead of due to alterations in genomic sequence.^[@ref115]^ This exciting novel hypothesis may require new methods of studying patient gene expression and also, will lead researchers to test if indeed these disease-associated chromatin modifications are heritable, ie, epigenetic, Interestingly, many of the loci that have emerged in these studies of chromatin modification are indeed genes that have been previously implicated by genetic studies, although some are novel.

Many genes may converge on only a fews steps in neurodevelopment: relevance treatment response
==============================================================================================

Treatment interventions in autism usually include a combination of psychopharmacological and behavioral/developmental/educational methods. While we are fortunate that there are choices for treatment and these treatments are effective or partially effective for a subset of patients, unfortunately there is also a large subset of patients who do not respond to current treatments.^[@ref116]^ Recent progress from autism genetics has provided some light on a path towards understanding pathophysiology mechanisms, improved diagnoses and improved treatments. One critical question is: What are the differences at the level of brain mechanism that permit some patients to respond while others do not respond? Our argument in this review is that genetics and other lines of autism research have pinpointed abnormalities in the development of circuitry in autism. Yet, there are several developmental mechanisms that when perturbed can lead to a "connectopathy." Here we argue that there is evidence in at least some cases for morphologic abnormalities in "wiring" such as abnormal axon and/or dendritic growth and branching. In addition, genetics has provided a large amount of evidence arguing that later stages of synapse development and plasticity may be central in other patients. The large number of protein targets that have emerged in the last years provides a great deal of hope that targeting some of these mechanisms during development may provide novel treatment strategies for some patients. Mechanism-based subtyping of autism perhaps through the use of genetic testing may lead to stratified treatment paths with improved likelihood of response to given treatments.
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ASD

:   autism spectrum disorder

CNV

:   copy number variation

FMRP

:   fragile X mental retardation protein

FXS

:   fragile X syndrome

ID

:   intellectual disability

RTT

:   Rett syndrome

TSC

:   tuberous sclerosis

UPS

:   ubiquitin-proteasome system
